Summary KLK3 or prostate specific antigen (PSA) is a serine protease, which is an established tumour marker of prostatic adenocarcinoma. PSA is now used widely for the diagnosis and monitoring of patients with prostate cancer. Recent studies have demonstrated that about 70% of breast cancers produce PSA. In this study, we examined the molecular mechanism underlying the expression of the PSA gene in breast cancer and breast cancer cell lines. We analysed nine breast tumours categorized on the basis of high-or low-PSA expression in tumour cytosols and four breast cancer cell lines. To determine abnormalities associated with PSA expression in breast tumours, genomic DNA was extracted and all five exons of the PSA gene were polymerase chain reaction (PCR) amplified and sequenced on both strands. PCR amplification was also performed for the promoter and enhancer elements of the PSA gene. No mutations were observed in the coding portion of the gene. A polymorphism was observed in exon 2 from three breast tumours. However, sequencing of the promoter and the enhancer elements of the PSA gene reveals several point mutations. Within a 5.8-kb promoter/enhancer region of the PSA gene, we detected 16 different mutational hotspots (appearing more than once in the nine tumours). Among these hotspots, two appeared in seven out of nine tumours. Most importantly, the androgen response element (ARE I) in the proximal promoter was found mutated in four tumours and in the breast carcinoma cell line MCF-7. Mutations associated with the ARE I have been shown previously to result in an 80% decrease in PSA gene expression. The mutations in the core enhancer and promoter region probably contribute to the aberrant expression of the PSA gene in breast tumours, possibly by altering the regulation of the gene by steroid hormones.
One of the most serious health problems affecting women is breast cancer. The incidence of breast cancer has risen at an alarming rate over the past 40 years. Breast cancer-associated deaths will rise to 500 000 every year by the year 2000 (Pisani et al, 1985) . Recent studies have shown that inherited or sporadic mutation in the breast cancer susceptibility genes BRCA1 and BRCA2 account for 45% of increased incidence of the disease. The mechanisms associated with the loss of function of these genes and its correlation with disease incidence is not exactly known, due primarily to the absence of knowledge pertaining to their function. Therefore, the identification and use of novel approaches for the prevention and detection of breast cancer are urgently needed.
KLK3, commonly known as prostate specific antigen (PSA), is an established marker for prostate cancer (Stamey et al, 1987; Catalona et al, 1991) . It was originally identified as a tissuespecific protein expressed exclusively by the epithelial cells of the prostate gland (Oesterling, 1991) . Recently, improved ultrasensitive methods and RNA analysis has shown that KLK3 (PSA) is not exclusively synthesized by the human prostate gland, but also found to be produced by the breast, ovary, liver, kidney, adrenal and parotid glands Smith et al, 1995) . With ultrasensitive immunofluorometric PSA assays, which have a detection limit of 1 ng l -1 , it has been observed that > 50% of female sera have detectable PSA concentration (Ferguson et al, 1996) . PSA can be measured in ~70% of breast cancer cytosolic extracts (Ferguson et al, 1996) . A number of human breast cancer cell lines have also been described to express this glycoprotein in a hormone-dependent manner (Yu et al, 1994; Zarghami et al, 1997) .
The human kallikrein gene family consists of three members: prostate specific antigen (PSA; KLK3), glandular kallikrein (GK-1; KLK2) and pancreatic/renal kallikrein (KLK1) (Schedlich et al, 1987; MacDonald et al, 1988; Digby et al, 1989; Riegman et al, 1989) . These three genes are clustered in an area of 60 kb on human chromosome 19q13.2-13.4 (Riegman et al, 1992) . PSA, a kallikrein-like protease, was originally found to be synthesized by normal, hyperplastic and malignant prostatic epithelium, and is thought to be required for the liquefaction of seminal clot after ejaculation (Lilja, 1985; Watt et al, 1986) . PSA exists primarily in two immunoreactive forms: a ~ 30-kDa monomer (free PSA) and a ~100-kDa complex with the protease inhibitor α 1 -antichymotrypsin (PSA-ACT) (McCormak et al, 1995) .
The PSA gene consists of five functionally coded exons with an open reading frame of 257 amino acids encoding a protein with a predicted molecular weight of ~30 kDa. The promoter and the enhancer elements of the PSA gene have been extensively characterized (Schuur et al, 1996; Cleutjens et al, 1997) . The 5′ flanking
The promoter and the enhancer region of the KLK 3 (prostate specific antigen) gene is frequently mutated in breast tumours and in breast carcinoma cell lines portion of the gene is approximately 6 kb long and located 12 kb upstream of the hGK-1 gene. The PSA gene is under regulation by steroid hormones. Studies have shown that under physiological and pathological situations, PSA production is a steroid hormone receptor-mediated response. Others have shown that the wild-type PSA gene is regulated by the androgen receptor (AR), mediating transcription by binding to its cognate sequence on the PSA proximal promoter at position -154 and -394 (Schuur et al, 1996) . In addition, a third androgen response element (ARE) is located in the distal enhancer at position -4200 (Cleutjens et al, 1997) . The proximal and the distal enhancer of the PSA gene interact in a cooperative manner and are required for optimal expression of the gene (Riegman et al, 1991; Schuur et al, 1996; Cleutjens et al, 1997) . The ARE-I and -III elements are high-affinity binding sites accounting for 80% of promoter activity (Schuur et al, 1996; Cleutjens et al, 1997) .
Steroid hormone receptors are known to recognize common hormone response elements (HREs). DNA binding analysis such as DNAse protection and methylation interference studies of the MMTV promoter shows nearly identical binding patterns for AR and glucocorticoid receptor (GR) (Ahe et al, 1985; Truss and Beato, 1993; Cairns et al, 1991) . Similar studies with the tyrosine aminotransferase (TAT) gene shows AR, GR and progesterone receptor (PR) binding to the same HRE sequence in the gene. Studies from our laboratory have shown that the breast carcinoma cell lines T-47D and BT-474, upon induction with androgens and progestins, produce large amounts of PSA (Zarghami et al, 1997) . Therefore, it would appear that the PR receptor mediates its effect through the androgen response elements in the PSA gene.
Because the PSA gene is an important clinical marker and its widespread expression in various organs is under regulation by steroid hormones, expression and regulation of the PSA gene in breast cancer might signify the involvement of the gene during progression, pathogenesis or under certain stages of the disease. In fact, there are already indications that PSA is a marker of prognosis and risk assessment in breast cancer patients Sauter et al, 1996) . In an earlier study by Tsuyuki et al (1997) , 1.4 kb of the PSA promoter region displayed multiple base substitutions and deletions with no mutations in the cDNA of the gene. Because the enhancer element of the PSA gene appears to be critical for gene expression, we were interested to characterize the coding and promoter/enhancer region of the PSA gene from a subset of breast tumours and also breast carcinoma cell lines for which the PSA and PR and oestrogen receptor (ER) status was known. This would allow us to systematically determine any mutations that are frequently observed in the gene, especially in the HREs, and to correlate them with the presence or absence of PSA.
MATERIALS AND METHODS

Breast tumours
Approximately 1500 breast tumour cytosolic extracts were screened for PSA protein levels using a highly sensitive immunofluorometric assay (Ferguson et al, 1996) . These tumours were also analysed for oestrogen receptor (ER) and progesterone receptor (PR) protein levels as part of routine investigations. Out of the 1500 tumours, nine tumours were selected for this study that displayed variable amounts of PSA protein ranging from 0 ng g -1 to 9291 ng g -1 with corresponding low and high levels of oestrogen and progesterone receptor (Table 1) .
Cell lines
We examined four breast carcinoma cell lines which were cultured as described previously (Zarghami et al, 1997) . The receptor status and inducibility of PSA production by steroid hormones in these cell lines is shown in Table 2 .
Genomic DNA extraction
Genomic DNA from tumours was extracted according to the standard proteinase K digestion and phenol/chloroform extraction method (Maniatis et al, 1982) . Briefly, the tumour samples were pulverized with a prechilled mortar and pestle to a fine powder. The powdered tissue was digested with digestion buffer containing 100 mM sodium chloride, 10 mM tris-HCl, pH 8, 25 mM EDTA, pH 8, 0.5% sodium dodecyl sulphate, 0.1 mg ml -1 proteinase K and incubated at 50°C with shaking for 12-18 h. For extraction of nucleic acids, the digested samples were extracted with an equal volume of phenol/chloroform/isoamyl alcohol and centrifuged for 10 min at 1700 g. The aqueous phase was then transferred to a new tube and the DNA precipitated with 0.5 volumes of 7.5 M ammonium acetate and two volumes of ethanol. Genomic DNA isolated from lymphocytes was extracted as follows: red blood cells were lysed with 30 ml of lysis buffer (155 mM ammonium chloride, 10 mM potassium bicarbonate, 1 mM disodium EDTA, pH 8.2), incubated on ice for 15 min and centrifuged at 2000 r.p.m. for 10 min. The supernatant was discarded and 10 ml of lysis buffer was added and centrifugation repeated as above. Three millilitres of nuclei lysis buffer was added and digested overnight at 37°C. Three millilitres of sterile water and 3 ml of 6 M sodium chloride was added and mixed vigorously to precipitate proteins and spun at 13 000 r.p.m. for 3 min. The DNA was precipitated by adding two volumes of 100% ethanol. The DNA was spooled out and transferred to a microfuge tube and dissolved in TE buffer (10 mM tris-HCl, 0.2 mM disodium EDTA, pH 7.5).
Polymerase chain reaction (PCR) amplification
PCR amplification of the PSA exons were performed as follows: one cycle of denaturation at 94°C for 5 min followed by denaturation at 94°C for 30 s, annealing at 65°C for 30 s and extension at 72°C for 30 s, repeated for 30 cycles. The final cycle was an extension for 5 min at 72°C. The primer sequences used for the amplification of the individual exons are listed in Table 3 . Sequencing primers for these fragments are shown in Table 4 .
PCR amplification of the PSA promoter and enhancer elements was carried out with nine specific pairs of primers as shown in Table 5 , and sequencing primers are presented in Table 6 . Fragment numbers 1, 2, 3, 5 and 6 were amplified essentially as described above. Fragment numbers 4, 7 and 9 were similarly amplified with an annealing temperature of 60°C.
Sequencing
The five exons and the promoter and enhancer elements of the PSA gene were PCR amplified from the various breast tumours and cell lines as described above and sequenced directly. The PCR reaction products were purified by Qiagen quick PCR purification columns (Qiagen, Clatsworth, CA, USA) to remove excess primers and deoxynucleosides. The details of the different oligonucleotides used for sequencing of the PSA exons and 5′ flanking sequences are outlined in Tables 4 and 6 respectively. The sequencing primers were Cy5 fluorescent dye labelled at the 5′ end. Sequencing on the purified PCR fragments was performed using the Thermosequenase Cycle Sequencing protocol (Amersham Life Sciences, Buckinghamshire, UK), the fragments were then resolved on a 6% sequencing gel on the ALF Express automated Sequencer (Pharmacia Biotech, Sweden). Sequencing was performed on both strands of DNA. Any mutations identified were further verified by additional PCR reactions followed by sequencing.
RESULTS
Expression of the PSA gene in tumours with undetectable PSA protein
The breast tumours selected for this study showed variable levels of PSA expression associated with presence or absence of ER and PR. To determine whether the tumours with 0 ng g -1 PSA harboured any mutations in the coding region of the PSA gene, the five PSA exons were PCR amplified with specific primers (Table 3) , and the PCR reactions were run on agarose gels. All the PSA exons from all nine tumours and cell lines amplified efficiently and to their correct sizes as determined by agarose gel electrophoresis (Figure 1 ). The PCR amplified reactions were then directly sequenced with Cy5-labelled primers (Table 4) to determine any mutations. No abnormalities were observed in the protein-coding portion of the gene. The PCR sequences were identical to the corresponding region of the PSA mRNA sequence registered in GenBank (accession no. M27274). In three out of nine tumours, a polymorphism was observed in exon 2 (Figure 2 ), as also reported previously (Schulz et al, 1988; Lundwall, 1989; Tsuyuki et al, 1997) . This suggests that the coding region of the PSA gene is not a target for mutations in breast cancer. 
Mutations in the upstream regulatory element of the PSA gene in breast cancer
To examine whether the variable expression of the PSA protein is determined at the level of regulation, the PSA promoter and enhancer element were PCR amplified using nine different pairs of primers (primers designed from the wild-type gene sequence as published by Schuur et al, 1996) encompassing 5.8 kb of upstream sequences from all the tumours and breast cancer cell lines (Table 5) . A schematic representation of the PSA promoter and enhancer with the ARE elements are depicted in Figure 3 . The Figure 4 PCR amplification of the promoter and enhancer elements of the PSA gene. The PCR products were run on a 2% agarose gel stained with ethidium bromide. The 5.8-kb PSA 5′-flanking region was amplified using nine pairs of PCR primers. Each fragment amplified was approximately 700-800 bp in length. The numbers above each lane represent the primer pair used to amplify that fragment (details of primers and coordinates are given in Table 4 ). M represents the 1-kb molecular weight marker PCR products, each approximately 700-800 bases, were analysed on agarose gels (Figure 4) . PSA promoter and enhancer characterization was performed by DNA sequence analysis on both strands. Each of the PCR-amplified fragments was directly sequenced with specific Cy5-labelled primers (Table 6 ) on an automated sequencer. We observed numerous deletions, insertions and point mutations in comparison with the wild-type sequence in all the breast tumours and cell lines. The distinct mutations in the various tumours are shown in detail in Table 7 along with the corresponding PSA, ER and PR protein levels in the tumour cytosols. The mutations observed more than once in the tumours and cell lines are outlined in Table 8 . From previous studies by Schuur et al (1996) and Cleutjens et al (1997) , it is apparent that the ARE-I is a critical regulatory element of the PSA gene. Interestingly, the ARE-I in a proportion of breast tumours and in the breast carcinoma cell line MCF-7 was observed to be frequently altered in the half site.
CAGGTGCTGCACCCCTCATCCTGTCTCGGATTGTGGGAGGCTGGGAGTGCGAGAAGCATTCCCAACCCTGGCAGGTGCTTGTGGCCTCT C G T G G C A G G G C A G T C T G C G G C G G T G T T C T G G T G C AY C C C C A G T G G G T C C T C A C A G C T G C C C A C T G AT C A G G
DISCUSSION
The complex molecular mechanisms underlying the development and progression of breast cancer are not very well understood. Studies have uncovered genes that are responsible for familial and sporadic breast cancer. Recently, we identified an important prostatic tumour marker, which is also expressed in normal, hyperplastic and cancerous breast tissue. PSA or KLK3 appears to be a favourable prognostic indicator for breast cancer .
This study is the first to demonstrate multiple mutations in the enhancer element of the PSA gene in breast cancer.
To determine the molecular mechanism by which the PSA gene is regulated in breast cancer, we selected tumours that expressed variable levels of PSA protein and progesterone receptor. To determine whether tumours with undetectable PSA protein were associated with mutations in the PSA gene, we PCR amplified the five PSA exons from genomic DNA extracted from the tumours and analysed the PCR products by sequencing. This sequence analysis revealed the absence of mutations in any of the five PSA exons. These data agree with our previously published observations regarding the mutational status of the PSA coding exons and a small part of the proximal promoter of this gene (Tsuyuki et al, 1997 ). There are several other possible explanations for the aberrant PSA expression in the breast tumours and cell lines that we analysed. An upstream regulator involved in the negative regulation of the gene might result in low or undetected expression of the PSA gene. A second possibility is that the PSA gene becomes inactivated as the tumour either dedifferentiates or undergoes an abnormal developmental programme. These explanations are not mutually exclusive because changes in control of expression of the PSA gene by upstream factors may result from an altered developmental programme.
Another important possibility is that an epigenetic change such as methylation could have inactivated the locus. In breast cancer, methylation of 5′ sequences in other genes is associated with loss of activity of these genes (Ottaviano et al, 1994; Graff et al, 1995; Yoshiura et al, 1995) . Methylation can also result in another type of epigenetic event, one that results in regional alteration in chromatin structure other than just primary gene silencing. There is evidence, for example, of patients that show oestrogen receptor negativity due to methylation of the ER receptor (Ottaviano et al, 1994) .
To examine the possibility that the PSA gene in breast cancer is under regulation by upstream sequences, we analysed by sequencing the promoter and the enhancer elements of the PSA gene. On PCR amplification of the entire 5.8 kb of regulatory sequences, we identified multiple mutations in the promoter and the enhancer elements. These mutations are presented in Tables 7  and 8 . In Table 7 , we show mutations that occur only once. The alterations include point mutations, small insertions and small deletions. The single appearance of these genomic changes in tumours and cell lines precludes us to correlate their presence with the expression pattern of PSA, but one striking feature is the frequency of their appearance. Each tumour or cell line has, on average, about six unique nucleotide changes in this region. We speculate that this portion of the genome appears to be a target for multiple genetic changes, contrary to our observation that the coding region of this gene is devoid of such changes. Further functional studies will be necessary to establish whether these and the other changes observed indeed affect the expression of the PSA gene and in which direction.
In Table 8 , we report mutations that occurred more than once in either the tumours or the cell lines. Regarding the association of these mutations with PSA protein expression, we have the following comments. The mutation at position -5703 occurs in two tumours that are both progesterone receptor negative and they overexpress PSA. This change may be associated with aberrant PSA gene overexpression that does not require progesterone receptors. The mutation at position -5700 is among the most prevalent, found in eight out of nine tumours examined. This mutation occurs in both steroid hormone receptor (SHR)-positive and -negative tumours and also in PSA(+) and PSA(-) tumours. Strikingly, the appearance of this mutation is always associated with the insertion of C at position -5619 with the exception of tumour 7 and the cell line T-47D, suggesting that these two genetic changes may be linked. The mutations in position -5444 (insertion of T) as well as the mutation at -3900 are seen, similarly to the mutation at -5703, in the two tumours that are receptor negative and at the same time overexpress PSA (tumour numbers 1 and 3). Of possible importance is that one of these mutations (-3900) occurs within the recently identified core enhancer of the PSA gene (Schuur et al, 1996; Cleutjens et al, 1997) . The importance of these three mutations (-5703, -5444, -3900) in the aberrant expression of the PSA gene in tumours that have no progesterone receptors needs further investigation.
Among the other mutations, we found no consistency between their presence and PSA expression pattern. For example, the mutations at position -5389, -5378, -4848, -4845, -3898, -3813, -2669 and -1905 are associated with tumours that either overexpress or do not express. Similarly, the mutations at positions -4271 and -4269 appeared only in one tumour and one cell line and could not be correlated with PSA expression.
Among all mutations identified, the one at position -158, which affects the ARE-I, appears to be the most important. It has been previously shown (Henntu et al, 1992; Young et al, 1992 ) that PSA expression is responsive to androgen stimulation. The regulatory mechanism includes binding of the androgen-activated androgen receptor to the PSA promoter, which contains ARE-I. The ARE-I and ARE-III elements are high-affinity binding sites responsible for > 80% of the promoter/enhancer activity, and a mutational change in ARE-I will probably affect promoter activity and PSA expression as shown previously (Schuur et al, 1996; Cleutjens et al, 1997) . The ARE-I mutation was found in four out of nine tumours indicating that it is prevalent. Three of these tumours are steroid hormone receptor positive and yet produce no PSA at all. Also, the MCF-7 cell line, which is steroid hormone receptor positive and does not produce PSA upon androgen stimulation, harbours this mutation as well. We speculate that the presence of this mutation may be associated with loss of androgen-regulated PSA expression in breast tumours.
One tumour (tumour 4), which harbours the ARE-I mutation and is PR(-), produced more PSA than any other tumour in our series. A careful evaluation of the mutational status of this tumour, and of tumour 5 which has a similar receptor status and also overexpresses PSA, reveals that they both harbour a mutation at nucleotide -155, which lies just outside the consensus sequence of ARE-I (-170 to -156). In the case of tumour 4, the nucleotide at position -155 (A) is deleted and is followed by G. In the case of tumour 5, the mutation changes an A to G. These observations, suggesting aberrant PSA expression associated with genetic changes inside or just outside the ARE-I of the PSA gene promoter, need further investigation with functional studies.
In conclusion, we have presented evidence that the coding region of the PSA gene is not mutated in either breast tumours or breast carcinoma cell lines. We also show that the promoter/enhancer region of this gene, encompassing approximately 5.8 kb of upstream sequence, is a target for numerous mutations, including 16 different mutational hotspots (appearing more than once). Among these hotspots, two appeared in eight out of nine or seven out of nine tumours and one hotspot, within the ARE-I, was found in four out of nine tumours. We are currently pursuing the significance of these mutations and their effect on the expression of the PSA gene by site-directed mutagenesis, followed by functional analysis in transfection studies. We are also examining in a large series of tumours and normal tissues the prevalence of the ARE-I mutation and its association with breast cancer prognosis or susceptibility.
